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ABSTRACT (]
Y

A heat transfer gage has been developed for measuring the total
radiation from shock-heated gases in the spectral region from 0.2 to
2.7 n. The gage consists essentially of a thin film platinum resistance
gage which is coated with a thin carbon film. The requirements for the
use of the gage in shock tube experiments are that the absorptance of
the carbon film on platinum substrate be essentially constant over the
spectral region of interest, and that the response time of the gage be
of the order of 1 usec. This Report describes the theory of operation and
the technique of preparing the gages. Measurements of the reflectance
of multilayer carbon films are presented. The methods of calibrating the
gage and of relating the gage response to the radiance of the radiation
source are described in detail. Finally, preliminary shock tube measure-
ments are made using the total radiation gage. These are found to be in

good agreement with both theory and experiment. /
7 J/ﬁ =
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I. INTRODUCTION

The purpose of this Report is to describe a heat trans-
fer gage which has been developed for measuring the
total equilibrium radiative heat transfer to the stagnation
point of a flat-faced cylinder. This gage was designed
for use in an experimental shock tube investigation of the
radiation from planetary atmospheres. The total radiation
gage described here consists essentially of a thin film
resistance gage coated with a thin layer of carbon of
known absorptance. The resistance gage technique has

been used previously (Refs. 1, 2) for shock tube investi-
gations of convective heat transfer, etc. Recently (Refs.
3, 4), thin film gages in the form of black body cavities
or carbon-coated gages have been employed for total
radiation measurements.

The heat transfer gage to be described in this Report
has a response time of approximately 1 psec and is thus
suitable for making measurements during the extremely
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short test times (10 to 20 usec) available in high-speed
shock tubes. The principle of the gage operation is that
radiation incident on the carbon film covering the resist-
ance gage is highly absorbed. This heats the thin film
gage backing material, after which the resistance gage
responds in its usual fashion. The resistance gage is
isolated from the hot shock tube gases by a window
which eliminates the thermal heating of the gage and
allows for measurement of the radiative heating alone.

This Report is divided into four sections. First, the
requirements for the gage and the details of the gage
components are discussed. The next section describes
theoretical considerations relating the gage response to
the actual radiation from the gas volume being viewed
by the gage. The third section describes the details of
calibrating the gage, and the last section describes the
use of the gage in shock tube experiments.

Il. TOTAL RADIATION GAGE

The concept of the total radiation measurement is
illustrated in Fig. 1. The model is a flat-faced cylinder
with a diameter of 1.25 in. The gage is mounted inside
the shock tube model behind a pyrex window. The size
of the window and the distance of the gage from the
window define the field of view of the gage. Photons
from the shock layer strike a thin film of carbon covering
the resistance gage, and the energy is transformed into
heat. The thin film resistance gage then responds to the
temperature rise of its backing material.

A. Absorbing Film Requirements

The shock tube requirement of fast response and high
sensitivity made a thin-film sensing element the natural
choice for the heat transfer gage. Radiation incident on
a platinum gage surface would be highly reflected, and
the portion absorbed by the film would vary with the
wavelength of the incident radiation. It appeared pos-
sible, however, to appreciably increase the gage absorp-
tance by covering it with a highly absorbing thin film
coating. The coating must be sufficiently thin to allow
rapid diffusion of heat to the sensing element in order
not to seriously affect the response time.

The second requirement is that the coating must have
a reflectance which does not vary with wavelength over
the wavelength region of interest. The major contribu-
tions to the total radiation from gases in the temperature
range considered here are found in the wavelength region
from 0.2 to 1.0 p. This consideration determined the

minimum wavelength region for which the gage must
exhibit a flat absorptance characteristic.

Carbon films appeared to offer several advantages for
this application. The techniques for evaporating carbon
films are well known, and the films have the high mechan-
ical strength desirable for gage construction. Previous
investigators (Ref. 5) have found that carbon films are
highly absorbing and have satisfactory thermal diffusion
times.

Evaporated carbon films were prepared under care-
fully controlled laboratory conditions in order to dupli-
cate film uniformity and thickness as nearly as possible,
These films were then mounted over platinum sputtered
pyrex samples. Samples containing one, two, and three
layers of approximately equal thickness carbon films were
then tested for spectral reflectance in the wavelength
region from 0.2 to 2.7 x. The thickness of a single layer
of the carbon film placed on the samples was measured
to be less than 1 p. The sputtered platinum film was
found to be completely opaque to the incident light, and
the absorptance of the carbon film is therefore given by

F=1-U ey

where F is the fraction of the incident light absorbed,
and U is the fractional reflectance measured in the
experiment. The results of the measurements are pre-
sented in Fig. 2. For comparison purposes, the reflect-
ance of uncoated opaque platinum films and massive
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Fig. 1. Schematic of radiation gage model geometry

graphite (Ref. 6) is also presented. The absorptance of
all the films is approximately 80% and constant over the
wavelength region from 0.2 to 0.7 p. In this wavelength
range, the reflectance is that of massive graphite. The
results for two- and three-layer films were identical for
the entire wavelength region from 0.2 to 2.7 x and are
presented as a single curve. Beyond 0.7 g, the single-
layer films exhibited considerably more variation with
wavelength than did the two- and three-layer films. The
results indicate that if the bulk of the total radiation
being measured lies below 0.7 pn, there is little error in
assuming the absorptance to be constant over the entire
wavelength region from 0.2 to 2.7 p. The constant trans-
mission of the pyrex window in the 0.3- to 2.7-u region
determines the wavelength coverage in practice.

B. Response Time

The theoretical model for obtaining the gage response
time is illustrated in Fig. 3. The radiant heat flux, ¢(¢), is
incident on a slab composed of two materials (1 and 2).
The thin film gage measures the surface temperature of

T T T T T T
A SINGLE-LAYER CARBON FILM ON Pt SUBSTRATE

B TYPICAL RESULTS FOR BOTH TWO-AND THREE-LAYER
CARBON FILMS ON Pt SUBSTRATE

1001~ ~ MASSIVE GRAPHITE (Ref 5)

D ELECTROLYTICALLY DEPOSITED OPAQUE PLATINUM
(Ref. 5)

80

/

60 ]

4

REFLECTANCE, %

a0 7

20 Frm— =

0.2 0.4 0.6 08 1O 2.0 4.0
WAVELENGTH, u

Fig. 2. Specular and diffuse reflectance
measurements
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CARBON FILM
PLATINUM FILM
J—QUARTZ BACKING (SEMI-INFINITE)
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x —» 0

x=—¢ x=0

Fig. 3. Theoretical model of the multilayer heat
transfer gage

its backing material. For this reason it is necessary to
relate the heat transfer, g(¢), to the temperature history
of the backing material surface. The heat flow may be
assumed one-dimensional since the thicknesses of the
layers are much less than other characteristic dimensions
of the problem (a typical thickness is 1.0 p for the carbon
film and 0.1 « for the platinum). A second assumption is
that the effect of the platinum film may be neglected al-
together. This assumption is justified since the charac-
teristic thermal transit time for the platinum film is much
less than that for the carbon film.

The solution to the problem outlined above has been
given by previous investigators (Ref. 5), and details of
the calculation will not be presented here. The results
show that the temperature as a function of time of the
carbon-quartz interface depends on two parameters:

a. The thermal transit time of Material 1,
a1 = £ pP1 C1/4 kl

b. The quantity,
o = mkl P C1

where k,, p;, and C, are the thermal conductivity, den-
sity, and heat capacity of Material 1 (carbon), k., p., and
C. are the same properties of Material 2 (quartz), and
L is the thickness of the carbon film. For times much
larger than r,, the temperature at the interface becomes
equal to the temperature (T#) that the surface of
Material 2 would have if Material 1 were removed. The

time required to reach the temperature T+ is determined
by the value of o and the type of heat input g(?).

For measurements behind the incident shock wave in
a shock tube, the radiation heat transfer, g(¢), is a con-
stant during the test time. For ¢ » r, the temperature rise
of the interface is given by

20

x = () AT t) = —j—‘T—— //f' 9
( \/7" P2 C. k. \ ( )
where g(t) = Q = constant. The temperature response

is therefore a parabola. The value of r, for a 5000 A
carbon film is approximately 2 X 10-* sec. The value of «
for carbon on quartz shows that the temperature T* is
reached in about 100 r, or about 2 usec. The theoretical
response time of the gage is therefore approximately
2 usec. The thin film gage voltage response, which will
be derived later, has the same time dependence as the
temperature response.

C. Gage Consfruction and Circuit

A completed total radiation gage is shown in Fig. 4.
The gage was constructed by sputtering a thin film of
platinum (0.035 X 0.75 in.) along one end of the rec-
tangular quartz backing material. The platinum was then
bonded to the quartz by baking in a furnace at 1200°F.
Strips of platinum of greater thickness were then sput-
tered along two opposite sides of the quartz at each end
of the film. After rebaking, solder was applied directly
over the sputtered sides of the gage, lowering the final
resistance to a negligible value compared to the thin film.
Two copper wires were then soldered to the sides of the
gage, forming a very strong connection to support the
gage weight. The loose ends of the two wires were then
soldered to the pins of a small electrical connector which
serves as the mechanical support for the gage as well as

Fig. 4. Total radiation gage
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Fig- 5. Schematic of the heat transfer gage circuit

providing a means of removing the gage from the elec-
trical circuit. The final step involved mounting the
evaporated carbon film in good thermal contact with the

resistance film. Carbon was evaporated onto a standard
size pyrex microscope slide. The carbon film was re-
moved from the slide by immersion in a weak solution
of potassium hydroxide and distilled water. After removal
from the slide, the carbon film floats free on the surface
of the solution. The film was then gently lifted from the
surface by bringing the gage up from below the surface.
After drying, the carbon film was found to form a good
mechanical bond with the platinum film. Good thermal
contact was also achieved (to be shown later in com-
paring the theoretical and experimental response times
for the gage).

The electrical circuit for the thin film gage is shown in
Fig. 5. Power is supplied to the circuit by a 45-v battery.
The current limiting resistors (R) are chosen large in
comparison to the gage resistance (R,) in order to main-
tain a constant current in the gage circuit. A female
electrical connector (see Fig. 4) allows insertion of the
gage into the circuit. The gage output-voltage leads are
connected to a Tektronix Type D differential preamplifier
in order to eliminate circuit noise. The output of the
amplifier is displayed on an oscilloscope.

Ill. INTERPRETATION OF GAGE RESPONSE

To make the radiation gage measurement quantitative,
the gage response must be related to the intensity of the
radiator. Two sources will be considered: 1) an arbitrary
volume of gas, and 2) the special case of a plane parallel
layer which was chosen for the experimental geometry.
A window is considered to be located between the
source and detector, since the gage must be isolated from
thermal contact with the gas.

The geometry of the problem is illustrated in Fig. 6.
The radiation from the gas volume is assumed to be
uniform and isotropic. For a transparent and isothermal
gas volume, the energy reaching the detector area, dA;,
is given by

(3)

dq; dA; = p. Gy dr dV (M)

S;

where Gida is the rate of energy emitted from the vol-
ume element dV per unit solid angle in the wavelength
interval A to A + dA, . is the constant spectral trans-
mission of a window located between the volume element
and the detector surface, and the term in parenthesis is
the solid angle. The heat transfer to the area dA; from
the entire volume seen by the elemental area is thus:

q; = pe Gfi (y) “4)

where

G={Gidx
dV cos 8
o) = [t

The term G is the rate of energy emitted from the gas
per unit volume, per unit solid angle, and depends only
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Fig. 6. Geometry of the theoretical model used for
calculating the heat flux to a differential element
of the gage

on the thermodynamic state of the gas. The term f; (y)
shall hereafter be referred to as the view factor, and is a
function only of the geometry of the experiment.

For the case of a detector area located at one surface
of a plane parallel, infinite slab of gas, Eq. (3) can be
integrated immediately (see Ref. 7) to obtain:

_ 8
qg=Wx (3)
where p,. = 1 for the case of no window, W = 4G is

the gas radiance in w/cm?, and § is the thickness of the
plane parallel layer. This case corresponds roughly to the
stagnation point heat transfer to a flat-faced cylinder
with a constant shock layer thickness 8.

In order to relate the gas radiance to the total radiation
gage response, the geometry shown in Fig. 7 is consid-
ered. The gage is located behind a window with the
platinum resistance element parallel to the plane of a
circle (the optical stop shown in Fig. 7) located at one
surface of a plane parallel gas layer. The heat transfer,
qi, to a differential element, dA;, of the gage is given by
Eq. (4). By assuming that the heat flow is one-dimensional
for each differential element of the gage surface, the

solution of the one-dimensional heat conduction equation
(Eq. 2), may be applied to each element.

AT, = %\/E q; F (6)

where AT; is the temperature rise of the gage element,
F is the absorptance of the gage surface, and g =~\/7p.C.k.
is a thermal material property of the quartz. The voltage

change of a differential element due to a temperature
change, AT, is given by

AE; = I, ar, AT, Ay; (7)

where I, is the current flowing through the gage, r,Ay;
is the resistance of the element of length Ay;, and « is the
temperature coefficient of resistance of the gage material.

The total voltage change over the entire length of the
gage due to the heating is obtained by summing the in-
cremental changes

AE = Z AE; (8)

¢ SYMMETRY
l
|

/

[

3

Y
AN !

VAGH/ /18 oY

OPTICAL WINDOW
STOP
THIN FILM
/ GAGE
Y. A ' T
—JblAn
|
-~y —————— ] Io
r gt B |
|- AE

Fig. 7. Theoretical model for relating the gage response
to the heat transfer distribution along the gage surface
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By combining Egs. (6), (7), and (8), and converting the
sum to an integral the following result is obtained:

AE 4bE.F (%
- = - d: 9
vt T, f‘: q(y) dy 9

where ® = a/B, E. = I,r,L, and L is the length of the
gage strip. Equation (9) relates the gage response to
the heat transfer distribution along the gage surface.
Equation (4) may now be combined with Eq. (9) to relate
the gas radiance to the gage response as follows:

— T — [ fily)dy (10)

AE _ (,L,, F E, ¢> w
Vit

and, letting
2¢ = La/u F E, @ { fi(y)dy

Eq. (10) may be written as

AE

W:Zg\/? 11)

The quantity £ is a constant to be determined for a
given total radiation gage, and the necessary measure-

ments to determine the constant will be described in the
next section. The quantity AE/\/f is obtained from the
time history of the gage voltage response to incident
radiation from a gas of radiance W.

The heat transfer to the stagnation point of a flat-faced
cylinder may be expressed in terms of the gage response
by combining Eqs. (5) and (11) to obtain

_ . AE
q =< Nz

5 (12)

It is a consequence of the analysis to be presented in
the Appendix that the view factor term I} fly)dy is
directly proportional to the shock stand-off distance (8)
to a good approximation, and thus that ¢ ~ 1/8. There-
fore, Eq. (12) may be written

q = const AE/\/t

This result shows that the stagnation point heat transfer
to a flat-faced cylinder may be measured without knowl-
edge of the shock stand-off distance. However, if the
gas radiance is to be measured (see Eq. 11), it is neces-
sary to determine § by measurement or by another means.

IV. CALIBRATION

There are two possible methods for calibrating the
heat transfer gage, as shown by Eq. (11), where the
radiance was given by

AL

W = 28—
\t

The first method would be to choose a source of
known radiance, and measure the quantity AE/~\/t for a
given gage geometry. This method would determine the
quantity ¢ and provide an overall calibration of the

system as a single unit. Unfortunately, short-duration
radiation sources of known radiance and sufficient inten-
sity for calibration are not available. Therefore, a second
method was chosen which determines the individual
quantities making up ¢ From the preceding section, ¢ is
given by

2¢ = La/p. F E. 9 { f(y)dy

The term F is the absorptance of the carbon and is
measured according to the description given in Section I1.
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The window transmission, u,., may be measured by the
usual photometric technique using a tungsten lamp and
monochromator-photomultiplier combination. The mea-
surements of E, and L, are likewise straightforward. The
view factor term (f(y)dy may be computed theoretically.
Details of this calculation are discussed in the Appendix.
The method of determining the remaining quantity, @, is
now considered.

The quantity @ is given by

o
o =—
\/‘n' /»_-C._J\‘:
and is a property of both the platinum film and the quartz
backing material making up the gage. For a constant
amplitude heat pulse (Q), ¢ is related to the gage re-

sponse as follows:
g 2B / 20E, (13)
Vi

The constant amplitude heat-pulse was supplied by
joule heating the gage with a constant amplitude current
pulse and bridge circuit similar to that described by
previous investigators (Ref. 8). The joule heating of the
gage is given by

IR
o=t (14)

A
where I is the amplitude of the current pulse, R is the
total gage resistance, and A is the measured area of

GAGE RESPONSE

CURRENT PULSE

‘-‘ t‘— 50 psec

TIME ——»

Fig. 8. Oscillogram showing radiation gage response to
a constant amplitude heat pulse

the thin platinum film. An oscillogram of the current
pulse and the parabolic gage response is shown in Fig. 8.
The time history of the gage output voltage may be
measured from the oscillogram and plotted as AE vs \/t
(shown in Fig. 9). The slope of this curve determines
AE/\/t. The current pulse I, is measured from the
oscillogram and Eq. (14) is used to determine the joule
heating. Equation (13) may then be solved for .

For the very high resistance and extremely thin films
used in the present investigation (1690 Q/cm?), the value
of ® was approximately 3 X 10-* cm?®/w\/sec. This may
be compared with the previously reported (Ref. 8) values
of 10~ em*/w\/sec. The previously reported values were
in fairly good agreement with the value of @ calculated
using the bulk material and thermal properties of platinum
and quartz. By using thicker films of platinum, results
agreed with those calculated from the bulk properties.
The large differences in ¢ due to the film thickness
cffects indicate that large errors are possible if the direct
calibration procedure is not used.

AE, my
[++]

0 4 8 12 16 20

-3
V#, J/sec X10

Fig. 9. Typical gage calibration results
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V. SHOCK TUBE MEASUREMENTS

The method used to measure the stagnation point
heating is illustrated in Fig. 1. A photograph of the shock
tube model is presented in Fig. 10. A spider mount was
used to support the model coaxially along the shock tabe
centerline facing the on-coming incident shock wave.
After the incident shock passed the model, a bow shock
was formed in a few psec, and a steady constant thick-
ness layer of
the gage until the test time was terminated by the
arrival of the contact surface.

gas behind the bow shock was viewed by

A tvpical trace of the gage response is presented ir
Fig. 11. The slight bump on the trace indicates arm'al
shock

4 psec, after which a parabolic

of the incident shock. The formation of the bow
requires approximately
response of the gage begins. Also shown in Fig. 11 is the
output of a photomultiplier viewing the test gas ahecad
of the bow shock. Independent measurements of the
time required to form the bow shock under the same
shock tube conditions using collimated photomultipliers

Fig. 10. Photograph of the shock tube model used for
stagnation point radiative heat transfer
measurements

9% CO» 91% N;
Us =25,900 ft/sec
P =0250 mm Hg

TIME —»

—Oi }‘— 2 psec

x
|
|
|
0
|
i

SHOCK
ARRIVES

l&—— TEST TIME ———4

————BOW SHOCK FORMS

Fig. 11. Oscilloscope trace showing response of the
stagnation point total radiation gage

indicated approximately 2 to 3 psec for the formation
time. Therefore,
of T or 2 usec. w

the gage response time is on the order
hich agrees with the previous theoretical
estimate. Preliminary measurements of the total radiation
from a shock heated mixture of 9% CO.-91% N. are
presented in Fig. 12, This mixture was chosen to simulate
a possible composition of the atimosphere of the planet
Venus. The results are compared with some recent equi-
librium calculations for a mixture of 7.5¢% CO.-92.5¢
N. and also with the free flight data of James (Ref. 93 for
a mixture of 9% CO.-91% N.. The calculated curves
for various free-stream pressures are correlated by nor-
malizing the results with a suitable power of the stagnation
pressure.

As mav be seenin Fig. 12 the experimental data are in
good agreement with both the calculated and experi-
mental results above 25.000 ft/sec. On the basis of these
results. it appears that the total radiation heat transfer
gage provides a useful and reliable technique for mea-

suring the radiation from high-temperature gases.
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area of gage element
heat capacity
gage potential
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dV cos § T temperature of platinum film
= | Z==2" view factor . .
S? T* asymptotic temperature of carbon-P, interface
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spectral radiance
gage current

thermal conductivity
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thickness of carbon film

pressure
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Fig. 12. Normalized stagnation point total radiation
for a mixture of 9% C0,-91% N, compared
with free flight experimental data and
equilibrium calculations

NOMENCLATURE

q(t) arbitrary, time-dependent heat input

resistance per unit length

R gage resistance
r
s

U fraction of incident intensity reflected from

carbon film
V  gas volume
W,1 gasradiance, w/cm®

x distance normal to gage surface
y distance along gage surface
a temperature coefficient of resistance

distance from differential gage element to
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B8 thermal and material property of quartz
=V chzk‘:

3 thickness of plane parallel layer

6 angle between vector normal to gage surface and 2
vector from gage element to volume element g
A wavelength i
o spectral transmission of window 0
¢ =La/py FE, f fi(y)dy
p mass density §
o VeCk/p.Cks w
+ thermal transit time A
® =a/f ©
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APPENDIX

View Factor for Plane Parallel Layer

It is necessary to determine the integrated view factor
term for the experimental geometry illustrated in Fig. A-1.
The gage views the radiation from a plane parallel shock
layer of thickness & through a hole of radius a. The view
factor was defined previously as

o) = [T

In order to simplify the calculation, the shock layer was
divided into N slices. The case N = 2 is illustrated in
Fig. A-1. The truncated oblique cone is approximated
by cylinder sections of thickness Ax. As can be seen from
the geometry, the radius of the fth slice is given by

(A-1)

aj:a1% j=1—>N (A-2)

while the vertical distance of the jth cylinder base above
the element area dA; is given by

b;=b, +(N; — 1)ax (A-3)
where N; = jth slice.

The contribution of the jth slice to the view factor of
the elemental area dA; is independent of the other slices

and is given by
fi = /dV cos 0
(% S?J

The view factor for dA; is therefore given by the sum of
the contributions from all slices.

(A2

¥
fi = Z fii (A-3)
7=1
For the geometry of Fig, A-1,
T2 3 r’dr’dﬁ"
fiy=2bax | | (cTF Zersinp + 172 + b
(A-4)
which may be written
fi, _ e [T [ rdrd
2bax ¢ o o [l + 2Arcos B+ A + Bz]"/‘-'
(A-5)
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where

_r _a b T .,
T u A—“c— B_—L_ B*Z B

Since 1’ is not B’ dependent, Eq. (A-5) may be written

fi_ _ @ [ rdr E\(r)
Bax o / [+ ar+ppe (A0
where
N dp
El(') 4<[7 [1 + Z cos /3]:{/: (A'7)
and

2 Ar

Z= [T+ A% + B7]

¢t SYMMETRY

‘Ax f
3
\ q—al |

TN T 4
\I\\ \7 OPTICAL

STOP

*4 "
g
4

|—

¢ —™

COORDINATES ~ CYLINDER BASE

Fig. A-1. Geometry for approximate solution of the view
factor for a plane parallel layer
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Using standard integration formula, Eq. (A-7) may be
written in the form
= ____1 i )< /2
E(r) = 1= Z'-"/,, (I +ZcosB)'*dg

Expanding this expression in power series, the following
result is obtained:

E, (r=

(1 oz BB )

3072
(A-8)

This series converges for Z == 1. The number of terms
which must be retained for an accurate approximation
may be estimated as follows: From the actual experi-
mental geometry,

A=1/2 B =20 0=r=1
Therefore,
7 - 2 Ar _ r
(1 + A + B) (5 . %)

The worse case for convergence is clearly r’ == 1.0,
which gives Z ~ 4. This value of Z, when substituted in
Eq. (A-8), gives

0(Z) 0(Z")
E(r)==| 1 + 00585 + 0.0039 + -

The error in neglecting terms of 0(Z*) is less than 2%,
and the expression for E,(r) was taken to be

Ef(r)==[1+ —:—Z-] (A-9)
Substituting (A-9) in (A-6),
fi_ _ ma*( Eq) +§ A’E.(q )
2bAx ¢t \ (1 + B*)*: 4 (1 + BY)
(A-10)
_ [ rdr
E.(q) _/0 XTSRS (A-11)
1 rf(dr 5
. - — - \\
E‘(q> /:) (1 T qr:>7/: (A 12)
where
1918

The integral of Eq. (A-11) may be found in standard
integral tables and the result is

(A-13)

Using repeated integration by parts gives the result

E():—l- Vitg 8 v1+g
A\ 3q1+q)7° 15q  3q(11q)

(A-14)

TR S C
15\/1+ ¢ 1-+gq

Substituting Egs. (A-13) and (A-14) in Eq. (A-10), the
solution for the view factor is

ﬁ:;%ﬂ;ﬂh_Lﬁ
i ()'"(](1 1 B'—‘)‘»'-/‘-‘ ?( \/'I_.TT,

+£_L{_LL_L+_EE
4 (1 + B 3¢(1 + ¢) 15¢ (1 -+ q)

+ —é—%—<3 1 1
15T+ ¢ l+yq

As a check on the result, it is noted that for the special
case ¢ = 0, Eq. (A-4) becomes

)dl(lp’ o
/ / r-'*b c=0

This expression can be integrated exactly to give

(A-15)

’IJAr

fo (Lo L ]
= (5 \/ﬂ"‘_*T)‘) (A-16)

Now, the limit of Eq. (A-10) is taken as ¢—0. The
second term in the brackets is zero since

. A'_' B
onn TF By 0
and Eq. (A-10) becomes
fis _ ra* E.(q)
2bax (1 + B=yv:
a\?
Eilf)n q= <1))
bY* b
Lim E. b
Am - Eifq) = (1) [ N /__W]
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Li e
M ET T By b

the result is

fii

bax

Lim

c— 0

1 1
(F Va: + b* >
which is identical with the exact solution in Eq. (A-16).

Equation (A-15) was solved for the view factor fi(y)
for the particular geometry of the experiment. The results
are presented in nondimensional form in Fig. A-2. A
single-step calculation with Ax = § gave results accurate
to 1% for small stand-off distances (§ = 10 mm) using
the particular geometry chosen here. The view factor
is symmetric about the centerline of the gage and
has its maximum value at the centerline (¢ = 0). At the
edge of the gage (¢/y, = 1.0), the view factor falls to
less than 50% of the maximum value. The integrated

view factor/”’”“f;(y)dy may be obtained from the area
under the curve in Fig. A-2.

N

o ™

°
n
©
< f; (c =0)= 0.202
‘;\
04 %
f £:(c)dc=0.156
o
0.2
0
0 0.2 0.4 0.6 [0 -] 1.0

/¥
Fig. A-2. View factor for the experimental geometry:
a=0795cm; b = 2.11 em; and y; = 0.953 cm
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